Recent reports suggest that the yeast Saccharomyces cerevisiae caspase-related metacaspase, Mca1, is required for cell-autonomous cytoprotective functions that slow cellular aging. Because the Mca1 protease has previously been suggested to be responsible for programmed cell death (PCD) upon stress and aging, these reports raise the question of how the opposing roles of Mca1 as a protector and executioner are regulated. One reconciling perspective could be that executioner activation may be restricted to situations where the death of part of the population would be beneficial, for example during colony growth or adaptation into specialized survival forms. Another possibility is that metacaspases primarily harbor beneficial functions and that the increased survival observed upon metacaspase removal is due to compensatory responses. Herein, we summarize data on the role of Mca1 in cell death and survival and approach the question of how a metacaspase involved in protein quality control may act as killer protein.
Introduction
Caspases are a family of proteases that have been the subject of extensive studies on account of their important role in activating programmed cell death (PCD) [1, 2] . This program is under tight control, and initiator caspases are synthesized with a protective prodomain that needs to be removed in order to activate the caspase. Upon apoptotic stimuli, initiator caspases are processed and induce a cascade, by proteolytic activation of effector, or "executioner," caspases. When activated, the effector caspases can then cleave a wide range of substrates, eliciting the typical cytological and morphological changes seen during apoptosis, a special form of PCD [3] (Fig.1) . Apoptosis has been shown to be essential for proper development and tissue maintenance in multicellular organisms, where the controlled removal of damaged or undesired cells ensures the survival and fitness of the whole organism. Accordingly, perturbations of the apoptotic machinery have been linked to several pathologies such as tumor development, autoimmune, and neurodegenerative diseases [4] . While apoptosis is an accepted and distinct mode of PCD, involving a genetically determined elimination of cells, it is important to note that other forms of programmed cell death have been described, which are elicited and executed without the involvement of caspases [5, 6] Metacaspases differ from their caspase relatives in structure and substrate specificity further divided into two types: Type I, containing an Nterminal prodomain, and type II, found only in plants, which lack an obvious prodomain [7] . Recently a type III metacaspase, with a rearranged domain structure, was described in phytoplankton [9] .
Similarly to their caspase relatives, metacaspases have been shown to be involved in regulated cell death during plant development and pathogen infection [10] . Surprisingly, even single celled eukaryotes display responses and cytological alterations during stress that mimic those of PCD [11] [12] [13] [14] , and in the yeast Saccharomyces cerevisiae, the single type I metacaspase Mca1 (Metacaspase-1; standard name), also denoted Yca1 (Yeast caspase-1), has been proposed to play a role -similar to an initiator caspase -in activating such a PCD pathway [15] . This is intriguing because metacaspases show many similarities with their caspase relatives, including a caspase-hemoglobinase fold and an active site containing a histidine and cysteine residue [16] . However, there are also some significant differences [17] : The sequence homology between caspases and metacaspases is rather low, and comparing the yeast metacaspase Mca1 to effector and initiator caspases (caspase-3 and caspase-9, respectively) reveals only 10-11% sequence homology [18] . Consequently, there are several structural and functional differences between these protease relatives, as illustrated in Fig. 1 . Both proteins are produced as inactive zymogens, with an Nterminal prodomain and a caspase domain consisting of two subunits, P20 and P10 [19] . Residing in the P20 subunit of the caspase domain is the conserved His-Cys dyad known to be required for the proteolytic activity of caspases and other members of the clan CD protease family [20, 21] . Although both type I metacaspases and initiator caspases have a prodomain, metacaspases do not contain any of the wellcharacterized motifs found in initiator caspases, such as DED and CARD domains [22] . Instead, the prodomain of yeast Mca1 contains a proline-rich stretch as seen for other type I metacaspases, as well as a QN rich domain, an aggregationprone motif present in many prion-forming proteins [23] . Both proteases share the same overall structure: an N-terminal prodomain, and a caspase domain consisting of two subunits, P20 and P10, with the conserved His-Cys dyad located in the P20 domain. Both proteases also require processing to become enzymatically active. Activation of initiator caspases requires proteolytic cleavage after two different aspartate residues, hence separating the two subunits, and removing the prodomain. This cleavage event is followed by dimerization of two P20 subunits and two P10 subunits, forming the fully activated initiator caspase. Activation of metacaspases occurs by one lysine-directed cleavage between P20 and P10 subunits. Although not essential for Mca1 activation, a possible second cleavage site has been identified, resulting in removal of the prodomain. Processing of metacaspases requires the presence of calcium. Once cleaved, metacaspases do not form dimers, and are thought to act as monomers. Initiator caspases activate effector caspases by aspartate directed cleavage, and effector caspases are then responsible for the proteolytic cascade leading to selfdegradation and cell death. Metacaspases cleave substrates after arginine or lysine, and downstream actions for metacaspases are less known, especially regarding the yeast metacaspase. PCD, programmed cell death; PQC, protein quality control.
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Prospects & Overviews .... Upon initiation of a cell death signal, the induced proximity of initiator caspases allows activational autoprocessing ( Fig. 1) [24, 25] . Such activation requires two aspartatedirected cleavage events: separation of the P10 subunit, and removal of the prodomain. The processing is then followed by dimerization to form the final activated initiator caspase. Metacaspase activation is induced by various stressors and includes a similar separation of the P10 subunit but no removal of the prodomain. Another property of metacaspases that is not found among caspases is a dependence on calcium for activation [18, 26, 27] . High levels of calcium induce further processing of Mca1 in vitro, occurring at either R72 or K86, thereby removing the prodomain (Fig. 1) . However, this processing has so far not been shown to occur in vivo [18] .
Structural analysis of Mca1 revealed that the yeast metacaspase is unable to undergo dimerization and, unlike canonical caspases, metacaspases presumably act as monomers [18] . Metacaspases also lack the ability to cleave substrates after aspartate residues, which is the typical recognition site of caspases. Instead, metacaspases cleave proteins and peptides after arginine and lysine residues [27, 28] , but little is known about substrates and downstream events following metacaspases activation in vivo. So far, only one protein has been identified as a possible substrate of the S. cerevisiae Mca1; the glycolytic enzyme GAPDH [29] . The physiological relevance and effect of cleaving this substrate remain to be elucidated.
Taken together, data suggest that metacaspases, like the yeast Mca1, are distant relatives to caspases, with a different mode of activation and a different catalytic specificity (Fig. 1 ).
Does Mca1 act as a killer protein?
When yeast cells die as a result of age (in stationary phase) or particular stresses, they display numerous characteristics similar to those observed in cells undergoing PCD: these include nuclear fragmentation, decreased membrane integrity, and accumulation of intracellular ROS [6, 13, [30] [31] [32] . The PCD-like events in aged and deteriorated yeast cells have been proposed to be an altruistic response, where nutrients from the dead cells allow the remaining cells of the population to survive and replicate [33] .
The cell death observed in yeast upon various stress treatments, including H 2 O 2 exposure, was suggested to be initiated by Mca1, since deletion of this gene increased the survival of H 2 O 2 stressed cells [6, 15, [34] [35] [36] [37] [38] . Further, the cell death observed in wild type cells coincided with proteolytic processing of Mca1, similar to that which occurs in mammalian caspases upon their activation ( Fig. 1 ) [15] . Cells harboring a catalytically inactive version of Mca1 also survived better after H 2 O 2 stress, strengthening the idea that the proteolytic activity of Mca1 causes cell death. PCD triggered by H 2 O 2 has been suggested to be mediated by nitric oxide (NO) [39] , which in plants have been shown to regulate metacaspase activity through S-nitrosylation [39, 40] .
Mca1-dependent cell death has also been reported in early chronologically aged (stationary phase) cells, a phenomenon suggested to provide further evidence for an altruistic role of PCD in single cells because an Mca1-deficient culture, after initially displaying better stationary phase survival (due to lack of killer function), showed a reduced ability to withstand subsequent, long-term, stationary phase [33] . These findings were reasoned to be the result of Mca acting as a true "killer-protein" in an altruistic PCD pathway.
The theory of unicellular killer proteins and altruistic PCD is conceivable when considering microbial growth in colonies and clusters, where the population can exhibit "multicellular behavior." In such clusters, PCD might serve to constrain cell number to ensure development and survival of the clone [41, 42] . Classical bacterial examples include the congregation of starving myxobacteria followed by programmed death in part of a bacterial population allowing the remaining cells to develop fruiting bodies and spores [43] . Similar to bacterial cases, the cell death observed in a yeast colony is localized to specific clusters of cells. In yeast, this cluster consists of the oldest cells located in the center [44] . This is different from the results obtained in liquid cultures of yeast cells, which showed a spatially uniform death in the entire population [33] . Moreover, the cell death observed in yeast colonies is independent of Mca1, which has been identified as the "initiator-caspase" of cell death in liquid cultures [15] . Thus, the programs of cell death elicited in liquid cultures and in colonies do not follow the same pattern, but rather rely on different factors. More data is clearly required concerning the nature of the different cell death programs triggered in low and high cell density cultures before making firm conclusions about their altruistic benefits, but it seems reasonable to assume that unicellular altruism can only be attained in crowded cultures. Also, if PCD is indeed operating in yeast cells under starvation conditions it will be interesting to elucidate how decisions are made between eliciting such a program in favor of sporulation, or whether these two processes run in parallel and co-operate.
Mca1 is a cytoprotective protein that can retard aging
Reports of Mca1 acting as a pro-death protein have been followed by studies suggesting that Mca1 might also possess cell-autonomous, beneficial, functions for survival and homeostasis. For example, the yeast Mca1 appears to be required for proper cell cycle control, because cells lacking this metacaspase display an increased frequency of cell cycle arrest [45] . Similar findings have been made for metacaspases in other organisms [46, 47] . Mca1 has also been shown to be involved in protein quality control (PQC), as revealed by its direct physical interaction with protein aggregates [48] [49] [50] [51] and a defect observed in the removal of such aggregates in mca1D cells [49, 50] . In C. albicans, the Mca1 metacaspase appears to cleave several chaperones suggesting that Mca1-deficiency could boost PQC in this organism [52] . buildup of aggregated proteins seen during replicative aging of mother cells [49] , hence suggesting that Mca1 is a limiting factor in the cellular defense against protein damage. In line with this notion, overproduction of Mca1 causes a robust extension of the replicative lifespan of cells [49] . These results strongly advocate for Mca1 being involved also in pro-survival functions.
But how, exactly, does Mca1 act in pro-survival/longevity functions? The fact that lifespan extension achieved by Mca1 overproduction was dependent on the presence of the protein disaggregase Hsp104 suggests that management of damaged and misfolded proteins is key to Mca1-dependent lifespan control. This control most likely involves the destruction of aberrant proteins since lifespan extension by Mca1 was also dependent on a functional proteasome: overexpression of Mca1 had no effect on lifespan in the absence of Rpn4, a transcriptional activator of proteasome genes [49] . Based on these data, Mca1 may be involved in the removal of misfolded and aggregated proteins by facilitating their degradation by the proteasome (Fig. 2) . Without Hsp104, Mca1 can still localize to the aggregates, but perhaps it needs the Hsp104 disaggregase activity to be able to access the misfolded proteins and assist in their destruction. There may be several ways in which Mca1 could facilitate the removal of such aberrant proteins, processes that may be linked to the possible function of Mca1 as a protease, co-chaperone, or scaffold for other proteins (see below).
Since proteasome levels and the proteolytic capacity of cells are unaffected by an MCA1 deletion [34, 45] , Mca1 may instead increase the in vivo capacity of the proteasome by making proteasome substrates more accessible for degradation (Fig. 2) . Indeed, the degradation of a known misfolded substrate of the 26S proteasome was retarded by Mca1-deficiency, whereas the opposite was true upon Mca1 overproduction [49] . The proteolytic activity of Mca1 could be part of this mechanism, where Mca1 pre-cleaves substrates, to facilitate their subsequent entry into and degradation by the proteasome [53] . In this scenario, we hypothesize that the substrates of Mca1 could include a variety of protein species, such as proteins that are more prone to misfold and aggregate. Interestingly, the only reported substrate for the S. cerevisiae Mca1 so far, GAPDH, is a very abundant protein that has been reported to be part of aggregates in several organisms [29, [54] [55] [56] [57] [58] .
However, the proteolytic activity of Mca1 does not seem to be the only function of Mca1 in lifespan control, because overexpression of the Mca1 C276A mutant allele -which encodes a metacaspase that cannot undergo catalytic processing -resulted in a residual lifespan extension [49] . One feature of the protease-deficient Mca1 that may be of importance in PQC is the Q/N rich prodomain, suggested to be required for Mca1 localization to protein aggregates [48] . Q/N rich proteins have been reported to bind and sequester aggregates of Huntingtin, thereby limiting its toxicity [59] , and Mca1 is part of similar disease protein aggregates [60] . It is possible that the aggregate-interacting prodomain of Mca1 is stabilizing aggregate structures to prevent further aggregation, or it makes them more accessible for the chaperone machinery [53, 61] .
Mca1 acting as a co-chaperone could also aid in the spatial control of aberrant proteins (Fig. 2) . Damaged proteins are sequestered to certain storage sites as a cytoprotective action and to facilitate degradation and refolding [62] . This spatial quality control also enables the retention of damaged proteins in the mother cell during cell division [63, 64] . Although these quality control compartments seem not to be dependent on Mca1 for their formation (our unpublished data), Mca1 localizes both to sites of the juxtanuclear quality control compartment (JUNQ) and to the peripheral insoluble protein deposit (IPOD) [49] . Located at these aggregation sites, Mca1 could be acting to keep aggregates together, and/or recruiting certain protective factors (see section below). In line with this suggested function, Mca1 suppression of the cytotoxic effect of Wwm1 overproduction might be a result of sequestering this protein to cytosolic inclusions, thereby preventing its localization to the nucleus [65] .
Another role of Mca1 in PQC may be related to the metacaspase serving as a scaffold required for recruiting other proteins, such as Cdc48, to quality control compartments. Cdc48 is an AAA ATPase involved in many cellular processes, including proteasomal degradation, and extraction of ubiquitinylated proteins from large complexes through its segregase function [66] . CDC48/p97 has also been shown to be involved in the formation and clearance of insoluble aggregates in mammalian cells, where it may aid resolution through a function similar to Hsp104 in yeast [67] . Interestingly, the fitness of conditional yeast mutants displaying reduced Cdc48 activity is markedly reduced by deleting MCA1, and Cdc48 and Mca1 interact physically [49, 50] . That this interaction is physiologically relevant is supported by data demonstrating that localization of Cdc48 to sites of protein aggregation is, in part, dependent on Mca1 [50] . Thus, it is possible that Mca1 recruits Cdc48 to protein aggregates were this segregase could co-operate with Hsp104 in extracting proteins from aggregates to aid their refolding and/or degradation.
Can Mca1 act in both pro-death and pro-survival pathways?
Is it possible to reconcile the seemingly opposing functions of Mca1 as killer and a protector? One reconciling perspective could be that the killer function is tightly controlled such that programmed death is only set into action when there is a potential benefit for the population, such as during growth limitations in congregated cultures or colonies. An example of such control could be that the catalytic cleavage of Mca1 by removal of the prodomain -as reported in vitro upon excess calcium addition -could function as a molecular switch to regulate Mca1 killer function in vivo, and that a governor restricts switching such that it only occurs if cues indicate high cell densities (similar to quorum sensing in bacteria). Since calcium is essential for the initial proteolytic cleavage of metacaspases and for their further proteolytic activity [18] , such a regulatory pathway could also be under strict spatial control and restricted to sites experiencing temporal increases in calcium concentrations [18] . This theory is in line with PCD upon H 2 O 2 treatment being linked to activational processing of Mca1 (Fig. 3A) , which was previously suggested to elicit a caspase-like activity of Mca1. However, this notion remains controversial due to uncertainties in the protocols and reagents used, including the caspase inhibitor FITC-VAD-FMK, which appears unspecific, and the use of non-metacaspase substrates [27, 68, 69] .
Whether linked to proteolytic activation or not, processing of Mca1 occurs in replicatively old cells, where the consequences of Mca1 overexpression -in part dependent on Mca1 processing -result in an improved PQC and an extended lifespan [49] . Thus, it appears that the proteolytic activity of Mca1 can be both cytotoxic and cytoprotective, depending on cellular contexts. There are examples of such a dichotomy in the case of the 26S proteasome, where elevated activity is detrimental during heat shock of cells with limited Hsp70 chaperone activity [70, 71] , but beneficial in aging cells [71] . The detrimental activity of the 26S proteasome under specific conditions highlights that an unrestrained protein quality control (e.g. degradation of partially aberrant proteins that could display residual activity) may be harmful and cause cell death. It is possible that Mca1 may be part of such an unrestrained quality control.
The discussion above is based on the premise that an MCA1 deletion improves survival during stress and stationary phase due the fact that Mca1 is, in this context, acting in a direct fashion as a pro-death protein [15, 33, 49] . An alternative explanation is that an MCA1 deletion results in indirect effects and triggers responses compensating for the loss of Mca1, which could greatly affect survival. It is known that mutations in stress defense genes can trigger hyperinduction if global stress responses, such as the superinduction if the heat shock response in DnaK or DnaJ chaperone mutants of E. coli [72] , and the constitutive stress gene activation and thermotolerance of yeast Act3 mutants [73] . Likewise, Mca1 deficiency has been shown to cause upregulation of many stress-responsive genes, including chaperones of the Hsp70 family (Ssa1, Ssa2, and Ssa4) and the disaggregase Hsp104 as well as genes involved in protein degradation and DNA repair [45, 48] . Thus, mca1D cells display a boosted defense system that could explain improved initial survival during stationary phase and H 2 O 2 and acetic acid exposure (Fig. 3B) .
It should be noted also that the studies of chronological aging demonstrated that the initial increased survival (at the population level) displayed by Mca1-deficient cells (up to 23 days old) was reversed as cells grew older. Similarly, for H 2 O 2 treatment, the benefits of an MCA1 deletion were lost during aging, and old mca1D cells were more sensitive to H 2 O 2 [33] . Thus, the older the cells are, the more they rely on functional Mca1 to survive. This dependence on a suspected killer protein for long-term survival was rationalized to be due to benefits of an early, altruistic, cell death program. However, it could also be the result of a beneficial, non-death role of Mca1.
Conclusions and outlook
Following the identification of the yeast metacaspase Mca1 as a protein that initiates PCD, Mca1 has also been shown to display several non-death functions linked to PQC [34, 45, 48] . The role of Mca1 in PQC could be related to the protein acting as: (i) a typical metacaspase protease, perhaps in junction with the proteasome; (ii) a co-chaperone dependent on its Q/ N-rich domain, and/or; (iii) a protein scaffold for the recruitment of PQC factors, such as the segregase Cdc48, to sites of protein aggregation (Fig. 2) . These suggested functions of Mca1 are not mutually exclusive, because binding to aggregates could be succeeded by activational cleavage and induction of proteolytic functions.
Mca1-mediated cell death could be a result of over activation of Mca1 activity upon prolonged or severe stress, and the type of death that ensues might be linked to Mca1's role in PQC. Because an over committed proteasome system can cause cell death under specific stress conditions that elicit protein misfolding, so could over activation of Mca1. Possibly, such improper activation of Mca1 upon stress might be linked to a breakdown in cellular calcium regulation since Ca 2þ is required for autocatalytic activation of metacaspases. An alternative explanation for the improved survival of Mca1-deficient cells during stress could be an indirect effect of the induction of a compensatory response.
There are clearly many interesting facts still to be learned about metacaspases in both multi-and unicellular organisms, and the yeast Mca1 offers a unique opportunity to acquire some knowledge about the evolutionary significance of this intriguing protein family.
